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PLASTIC FLOW STUDIED BY NONEQUILIBRIUM
MOLECULAR DYNAMICS COMPUTER SIMULA TION

SIEGFRIED HESSandMARTIN KROGER
Institut fur Theoretischéhysik, TechnischéJniversitt Berlin, Hardenbegstr 36, D-10623Berlin, Germaly

ABSTRACT

The embeddedatom methodis adaptedto study the
plastic flow behaior of a model metal. The elastic
propertief realmetalsarereproducedy a setof ba-
sic modelpotentialsasrevealedby analyticconsider
ations. NonEquilibriumMolecularDynamicsNEMD
computersimulationsare performedto studythe dy-
namicsandstructuralchangeof the modelmetalun-
demoing shearandelongation. The simulationsoffer
insightinto the plasticbehaior of the modelwhich is
usede.g.,to interpretsolid friction betweermetals.
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INTRODUCTION

Whenmetalis subjectedo stressjt respondsy de-
forming. If only small stressesre applied,thenthe
material returnsto its original shapewhen stressis

relived. In this regime, metalsare elastic, if how-

ever, the stressexceedsa threshold,then the metal
suffers permanenplasticdeformation. Physicallyre-

alistic continuum models of dynamic plasticity are
necessarilyjcomplicated. The kinematicsof a three-
dimensionsioalcontinuum, the thermodynamicsof

materials,andthe physicsof microscopicdefectsen-
ter the descriptionof plastic phenomena. A prin-

cipal featureof plastic behaior is irrecoverablede-
formation. On a microscopiclevel, this behaior is

causdby defectsin the atomic formation of disloca-
tions. Plasticbehavior atthe continuumlevel involves
phenomenat differentlengthscalesg.g.,interaction
of dislocations,dislocation pile-up at grain bound-
aries,polycrystallinity, anisotrogy. A generathermo-
dynamictreatmentof phenomenologicainodelshas
beengiven,e.g.,by GreenandNaghdi[1].

In this note we report about preliminary resultsob-

tainedfor amodelmetalsubjectedo shear Themodel
is completelydeterminedy a setof modelpotentials
for N particles,asdescribedn thenext sectionandit

is solved without approximationswith computational
effort of order N. Theresultsrevealthe influenceof

initial crystal orientationon transientflow behaiors,

theformationof sheabandsanddislocationsandthe
generalrate-dependencef plastic flow in the strong
flow regime. A slightly extendedmodelhasbeenpre-
viously applied[2] to a processof solid friction be-
tweentwo metals.As proposedn [2], a profile unbi-

asedemperatureontrolmechanisni3] is usedhere.

THE EMBEDDED ATOMS METHOD

In orderto studyplasticdeformationandflow of met-
alswe adaptedheembedde@tommethodn thespirit
Holian etal. [5]. The methodwasoriginatedby Daw

and Basles [6], and resembleghe fact that in met-
als the conductionelectronsare not localized about
thenuclei;the enegy dependsiponthelocal electron
density resultingin forcesbetweerionsthataremary

body in characterratherthan simply pairwise addi-
tive. Accordingly one considergwo contributionsto

the potentialenegy E of the whole systemmadeup
by N particles. Thereis a corventionalbinary inter-

actionterm througha two-body interactionpotential
® asfunctionof thedistancebetweerinteractionsites
and a term stemmingfrom an embeddingfunctional
F, which produceghe effect of the electronic'glue’

betweeratoms
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wheree, = Ey, /N represents ‘binding enegy’ per
particle. The quantity F is anonlinearfunction of the
(local) embeddingdensity p; of atomsi = 1,..,N.
It is constructedrom the radial coordinatesof sur
roundingparticlesandrequiresghechoiceof aweight-
ing function w(r): p; = X, w(r¥) = w(0) +
> i w(r?), wherer” = r' — 1/ is therelative po-
sition vector betweenparticle coordinatesr? andr’.
Partsof F linearin p; canbe combinedwith the orig-
inal repulsive two-particlepotentialto an effective po-
tential ® usedherewhich hasalsoanattractie part.

MODEL METAL

A simple choice for the model functions ®,w and
F leadsto our generic model metal, called EmB.
For the binary potential function & we set ®(r) =
dorgt [3(h —1)* = 4(h — Tmin)(h —1)3], r < h,
with anenepy scalegg, a lengthscalerq, andanin-
teractionrangeh. The minimum of the potentialis
locatedatthedistancer = 7 = 216 r¢ = 1.123 1
asfor a Lennard-Jonegotentialand the well depth
of the potentialis: —®(rmin) = dorg *(h — Tmin)*.
For reasondliscussedn [5,7] we uselLucy’s weight
functionw(r) = wo (1 + 3r/h) (1 — r/h)* forr < h
normalizedto unity (via wp).



The particular simple parabolicembeddingpotential
for EMB is

Fp) = Fogory ((p—po)? — (wo — po)?) + .. .(2,)
where p, is the desiredembeddingnumberdensity
and Fy is the embeddingstrength; the dots denote
higherordertermsin (p — po) which may be consid-
eredin orderto obtainmorethana qualitatve agree-
mentbetweentheoryandexperimentswith respecto
the quantitieslisted in Tah 1. Throughoutthis work
we investigatethe ‘basic’ model metalfor which the
desireddensityp, = r;® equalsthe particle number
densityn = N/V = ry%; h = 1.6, andthetemper
aturekpT = 0.01¢, arefixed.

REFERENCEQUANTITIES AND ELASTIC PROP-
ERTIESOFEMB

To comparewith experimentablataonehasto estimate
referencevaluesfor dimensionlessimulationquanti-
ties,which maybeexpressedn termsof reducedunits
for lengthrrer = 70, €N€QY €bret = Po = kBTrer

PressurePres = Gorg > = 1§ € ref, OF iME tror =

ro (m/en rer)*/2.  for which experimentalvaluesare
available. For Ag, e.g., one obtainsmodel parame-
tersro = nt/® = 2.56 A, ¢ = 47.4- 1018 Jand
m = 107.8 g/mol.

metal Tref Tref Pref E G Cani
Ag |[594 343 28 | 101 38 2.99
Cu |85 406 48 | 156 59 3.19
EmB | 725 40.0 40 | 260 95 2.56
Fe | 852 498 59 | 232 94 232
Ni 920 518 65 | 239 101 2.39

Tah 1. Referencevaluesfor a setof metals,including
themodelmetalEmB (n = 1, Fy = 1), togethemith
reportedvaluesfor the elastic(E) andsheanG)
moduliandtheelasticanisotrofy. The coeficientsc;;
denoteVoigt moduli [4]. nges in NM™3, Tyee in
1000K, P,¢s andelasticmoduliin GPa;
Cani=2c44/(c11 — C12).

NEMD OMPUTERSIMULATION: METHOD AND
RESULTS

The equations of motions were integrated by a
velocity-Verlet algorithm asin [5]. The parameters
h,T, po andthe averagepatrticle densityn = N/V
were fixed by the model. The influenceof the em-
beddingfunctional F canbe estimatedy varyingits
strengthF,. A flow simulationintroducesfurtherin-
dependenvariableswhich describehe geometryand
strengthof flow. Detailsof aNEMD simulationalgo-
rithm, theimplementatiorof Lees-Edvardsboundary
conditionsand periodicimagessee,e.g. [8]. In the
simulationsthe stresgensoris obtainedfrom the ten-
sorialvirial expression.

A. Shearflow

Figurel shaws a time seriesfor a subsystenof a cu-
bic cell with N = 60000 particlesundegoing shear
at intermediaterate, c.f., Fig. 3-4 which reportabout
transientandstationaryrheologicaland structuralbe-
haviors. Threetime seriesfor a smallersystemwith

N = 2048 particlesare shovn in Fig. 2. At low

ratesshearbandsare obsened, at intermediaterates
fluid andcrystallinedomainscoexist andthe metalis

of coursepartially moltenatthethehighestratewhich

corresponddpr Ag, to arealrelative velocity of about
100m/sbetweeratomiclayers.

Fig. 1. Particlepositionsattimest = 0.5 (top left),
1,2,5,10,25, 50, 100, 200 (bottomright) for the
modelmetalEMB undegoingsheamwith shearate
v = 0.01.
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Fig. 3a. Transientsheawiscosityvs time for EMB at
differentinitial conditionsandsystemssizesN.
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Fig. 3b. Sheawiscosityvs shearratefor EMB
obtainedn the stationaryflow regime.

(left) Fig. 2. ThemodelmetalEMB undegoingshear
at constantrate~y. A selectechumberof particle po-
sitions (a layer with thickness3 within the shearing
plane)is shavn in the snapshotsFromtop to bottom
thetime ¢ (o strain)is increasingn equidistantsteps.
Strainat bottomis vt = 2.5. For every column,the
shearrate~y is givenin thefigure.

B. Uniaxial compression

The modelmetalis uniaxially compressedt constant
elongationrate. We obsene spontaneousymmetry
breaking.The often quoted'theoreticalvalue’ for the
critical penetratiorhardnesss. shouldbeos, = ¢G
with the shearmodulusG andc = c¢iheo = 1/10.
The experimentallyobsenedfactoris smallef cexp =
10=3 — 10~2. Our preliminaryresultis csim =~ 1/50
being estimatedfrom the simulatednormal pressure
Pyy-

CONCLUSIONS

Theembeddedtommethodhasbeenadaptedo study
themechanicabehaior of themodelmetalEMB. The
elasticpropertiesof real metalsare reproducedy a
setof basicmodelpotentials.NEMD computersimu-
lationsareperformedo studythedynamicsandstruc-
tural changeof the modelmetal undegoing a shear
anduniaxial compressionn orderto analyzethe for-

mationof transienstructuresandplasticyield. Longer
simulationrunsareneededo determinevaluesfor the
penetratiorhardnessvith high precision. Variantsof

themodelmetalEmB shouldbe characterized.

ACKNOWLEDGEMENT

This wirk has been performed under the aus-
picesof the Sonderforschungsbereié@5’'Elementar
reibereignisse’Peutschd~orschungsgemeinschatft.

REFERENCES

1. A. Greenand P. Naghdi, Arch. Rational Mech.
Anal. 18(1965)251;J.Eng. Sci. 9 (1971)1219.

2. M. KrdgerandS. Hess,Solid Friction studied via
non-equilibriummolecular dynamicscomputer sim-
ulations, Z. angav. Math. Mech.80(2000)in press.

3. W. LooseandS.Hess,Rheol.Acta28(1989)91.

4. FP. BowdenandD. Tabor, The friction and lubri-
cation of solids, 2ndEd. (ClarendorPressOxford,
1954)

5. B.L. Holian, A.F. Voter, N.J. Wagner R.J.Ravelo,
S.R Chen,W.G. Hoover, C.G. Hoover, J.E.Ham-
merbeg, andT.D. Dontje, Phys.Rev. A 43(1991)
2655.

6. M.S. Daw and M.I. Basles, Phys. Rev. Lett. 50
(1983)1285;Phys.Rev. B 29(1984)6443.

7. W.G.HooverandS.Hess/PhysicaA 267(1999)98.

8. M. Krdger, W. Loose,and S. Hess,J. Rheol. 37
(1993)1057.




